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Abstract— The ever-increasing need for seabed infrastructure 
enabling offshore centralised storage and renewable energy 
extraction requires accurate predictions of erosion and 
deposition of surrounding seafloor sediments. As offshore 
surveys are prohibitively expensive and time-consuming, 
improved flow simulations around seabed objects are preferred. 
In this study, a coupled TELEMAC3D-GAIA model is developed 
to help understand the interaction of the enhanced diverted flow 
around a submerged cylinder with the surrounding bed in a 
controlled laboratory environment. The present study focuses 
mainly at the shape of the object in the computation domain. The 
performance of TELEMAC3D-GAIA for simulating scour in the 
wake of the object is assessed in terms of the accuracy of the 
hydrodynamic simulation and the morphodynamics of the bed 
evolution. Preliminary results from the simulations show a 
potential of using TELEMAC3D-GAIA to simulate the flow and 
bed dynamics around submerged objects. 
I. INTRODUCTION 
The introduction of an object to the seabed changes the flow 
regime around the object’s immediate environs, leading to 
flow contraction. Horseshoe vortices form immediately 
around the structure and lee-wake vortices form further away 
(Figure 1). This enhanced flow increases the forces on the bed 
by a factor of four (Quinn and Smyth, 2018), causing erosion 
of sediment (scour) from the bed near the object which is 
transported and deposited further downstream. 
 
Figure 1: Schematic of vortex development and flow patterns around a 
submerged wreck site (modified from Quinn, 2006). 
The scour and deposition of seabed sediment can have 
implications for species compositions between hard and soft 
substrata (McArthur et al., 2010). The ability to predict the 
associated seabed dynamics is therefore of importance for 
seabed management. Seabed dynamics around submerged 
objects are currently difficult to model accurately when the 
bed is mixed and coarse (e.g. sand and gravel), both due to 
uncertainties in flow dynamics and sediment transport. The 
orientation of the object to the flow is an important parameter 
defining the extend and shape of the scour marks (Caston, 
1979; Saunders, 2005; Quinn, 2006; Quinn et al., 2016). 
To investigate bed dynamics around a submerged object, a 
laboratory experiment was conducted using a 10m long by 30 
cm wide Armfield recirculating flume tank (Figure 2). A 9.4 
cm submerged cylinder with a 4.4 cm diameter was embedded 
on a sandy bed and a unidirectional flow of 0.26 m·s-1 was 
applied, experimentally tested to mobilise the sand. 3-
dimensional bed scans were made using an array of SeaTek 5 
MHz ultrasonic transducers (Jette, 2005) at several stages in 
the experiment. 
 
Figure 2: Schematic illustration of the experimental setup 
The outputs of the coupled TELEMAC3D-GAIA 
simulations of the laboratory experiments highlighted the 
potential for accurate simulation of flow and bed dynamics 
around submerged objects. A number of numerical difficulties 
arise, however, when dealing with sediment transport around 
submerged objects at this scale. These difficulties and the 
suggested ways to resolve them are presented below through 
comparisons of model results with the laboratory experiments. 
 




Although ripples were generated upstream and 
downstream of the object during the experiment, this study 
focuses solely on modelling the scour formation and 
depositional features formed in the immediate vicinity of the 
object. 
II. NUMERICAL MODEL TO SIMULATE FLUME TANK 
EXPERIMENTS 
A.  Hydrodynamic simulations 
The discharge, Q, used in the simulations was calculated 
using Equation 1: 
       𝑄 = 𝑎 × 𝑏 × 𝑢, (1) 
where a and b are the water depth and flume width 
respectively, and u is the depth averaged flow speed measured 
in the flume tank using a 4MHz MET-FLOW Ultrasonic 
Doppler Velocimetry Profiler (UDVP). 
The reference height, zR, of the UDVP transducer above 
the bed at which the depth-averaged velocity was measured in 
the flume tank, assuming a logarithmic velocity profile (Ma et 
al., 2019) was calculated using equation 2: 𝑧𝑅 = ℎ𝑒 , (2) 
where h is the water height above the bed and e is the Napier’s 
constant (2.71828…). This depth-averaged velocity was used 
for the validation of the modelled flow speeds. 
A key feature of flow around objects, is the conversion of 
linear flow to turbulent flow, due to the existence of an 
obstacle (object) to the flow (Smyth and Quinn, 2014). Thus, 
the k-ε model was used in TELEMAC, as it is the most 
common model used to simulate mean flow characteristics 
associated with turbulent flow conditions. 
B. Morphodynamic simulations 
The TELEMAC-MASCARET module GAIA was chosen 
for the simulation of the sediment transport and bed evolution 
within the domain and around the submerged object. 
Upgraded from the SISYPHE module, GAIA allows for a 
better simulation of the sedimentary processes in the water-
bottom interface. GAIA can also manage different sediment 
classes, and several transport models, which is ideal not only 
for this study, but also for the case of mixed bed dynamics. In 
GAIA, suspended sediment transport processes are mainly 
dealt with by the hydrodynamic module (TELEMAC), while 
the near-bed, stratigraphic and bedload processes are led by 
GAIA (Audouin et al., 2019).  
C. Governing equations 
In this study, TELEMAC3D was used to simulate the 
impact of a submerged cylinder on the flow. Navier Stokes 
equations were solved using the Boussinesq approximation for 
momentum. 
The k-ε model used to calculate the Turbulent Kinetic 
Energy (TKE) at the computation domain includes the 
equation for the TKE-k, by solving the balance equations of 
turbulence for k (energy production) and ε (energy dissipation) 
(Goll, 2016). 
The TKE-k of the model is calculated using Equation 3: 𝜕𝑘𝜕𝑡 + 𝑢 ∙ ∇𝑘 = ∇ (𝜈 + 𝜈𝑡𝜎𝑘) ∇𝑘 + 𝑃 − 𝜀 (3) 
and the accompanying equation of ε is Equation 4: 𝜕𝜀𝜕𝑡 + 𝑢 ∙ ∇𝜀 = ∇ (𝜈 + 𝜈𝑡𝜎 ) ∇𝜀 + 𝐶1𝜀 𝜀𝑘 𝑃 − 𝐶2𝜀 𝜀2𝑘  (4) 
TELEMAC3D coupled with GAIA calculates the bed 
shear stress, τ0, using the velocity of the first σ-layer above the 
bed using Equation 5 (Tassi and Villaret, 2014): 𝜏0 = 𝜌(1𝜅 ln 𝑧′𝑧0)−2 𝑢(𝑧′)2, (5) 
where ρ is the water density κ is the unitless Von Kármán 
constant (0.41), z΄ is the first σ layer height above the bed (m), 
z0 is a hypothetical level with 0 velocity (m) and u(z΄) is the 
velocity at the first σ-layer above the bed (m·s-1). 
As previously mentioned, TKE in the model is calculated 
using the k-ε model. The TKE at the first σ-layer above the bed 
(plane 2), can be included in the calculation of the bed shear 
stress, τ0, in the form of Equation 6: 𝜏0 = max(𝜌𝑢∗2 , 𝜌𝑟𝑘), (6) 
where u* the friction velocity, r a proportionality coefficient 
and k the TKE. 
     The use of Equation 6 means that the coupled model 
uses the standard TELEMAC model shear stress result away 
from the structure, where closer to the object, it is assumed 
that the TKE dominates the bed shear stress.  
The van Rijn (1984, 2007) equations were used to 
calculate the suspended load and bed load transport as they are 
suitable for material in the range of 0.2 – 2 mm. The van Rijn 
equations are based directly on the bed shear stress for the 
simulation of the sediment mobilisation, whereas other 
formulas within the GAIA source code are based on near bed 
velocities. The bedload transport rate is predicted using (van 
Rijn, 2007; Equation 7): 𝛷𝑏 = 0.053𝐷∗−0.3 (𝜃−𝜃𝑐𝑟𝜃𝑐𝑟 )2.1, (7) 
where Φb is the dimensionless current-induced sediment 
transport, D* the non-dimensional sediment particle diameter 
and θ and θcr the bed shear stress and critical Shields parameter 
for sediment motion respectively. The equilibrium 
concentration, Ceq used to calculate the suspended load 
transport is predicted using (van Rijn, 1984; Equation 8): 𝐶𝑒𝑞 = 0.015𝑑50 (𝜃′/𝜃𝑐𝑟−1𝑧𝑟𝑒𝑓𝐷∗0.3 )3/2, (8) 
where θcr is the critical Shields parameter and θ' =μθ the bed 
shear stress due to skin friction. The reference height zref is 
related to the total bed roughness, ks with zref =0.5 ks.  
Friction was applied on the bed using a Chézy coefficient, 
C, which was controlled by applying the Nikuradse formula 
(Leroy, 2019; Equation 9): 
 




𝐶 = 7.83 ln (12ℎ𝑘𝑠 ), (9) 
where h is the water depth and ks is the total bed roughness 
(0.005-0.02). For simulation of non-quasi-horizontal flows, 
the method above is preferred over other depth-averaged 
models (Leroy, 2019). The Nikuradse formula was also chosen 
as it makes it possible for friction to be prescribed based on a 
logarithmic velocity profile, for a given bed roughness, 
without any averaging of the velocity on the vertical axis. 
D. Methods to validate the model 
The test case presented here is for pure sand with a median 
grain size d50, of 0.259 mm and the simulation time was 2 
hours (the same as the laboratory experiment run time). The 
simulations were conducted assuming one uniform layer of 
sediment with a thickness of 4 cm. The mesh resolution away 
from the object was set at 2 cm, increasing to 0.25 cm close to 
the object. The time step for the runs was set to 0.00625 s. The 
final bed elevation from the simulation was compared with the 
final bed elevation of the laboratory experiments. 
Depth-averaged flow velocities from the TELEMAC2D 
simulation were compared with the corresponding 
measurements from the laboratory experiments (Figure 3). 
Due to the presence of the UDVP transducer affecting the flow 
and causing subsequent scour, it was not possible to collect a 
time series of UDVP measurements during the laboratory 
experiments without affecting the final result. Therefore, 
UDVP measurements were collected at the end of the 
experimental runs. The experimental velocities at 3 locations 
upstream and 4 locations downstream of the object, provide a 
mean value of 317 mm·s-1 where the mean value of the 
modelled velocities at the same locations, provide a mean 
value of 324 mm·s-1 (Figure 3a). Therefore, although the 
model seems to overestimate the flow speed by ~2%, the 
discrepancy is within the error margin of the UDVP instrument 
used for the experimental measurements (0.4-5%). Thus, as 
the measured flow speeds fall within the instrument’s accuracy 
the modelled depth averaged flow velocities can be trusted and 
the coupling of the hydrodynamics and sediment transport 
models is deemed successful.  
 
Figure 3: a) Comparison of experimental and modelled depth averaged flow 
speeds (The horizontal line in the box plots represents the median value of 
the measurements. The values at the whiskers of the plots represent the 
extreme values). 
E. Problems encountered 
As previously mentioned, a number of numerical 
difficulties arose and are presented in this section. 
1. Shocks in the simulation 
Applying the full discharge at the beginning of the 
simulation caused instabilities and shocks to the flow, 
resulting in simulation failure. This was overcome by using a 
liquid boundary file in which the discharge was increased 
linearly (i.e. ramped) from 0 – 0.2 m3·s-1 within the first 5 
minutes of the simulation, while allowing the morphological 
development of the bed.  
The time step and mesh resolution values were also tested, 
to check if shocks and instabilities can be controlled by using 
different values. Both the time step and the mesh resolution 
were reduced but made no significant difference in reducing 
the instabilities and shocks in the simulation. Therefore, the 
aforementioned values for time step and mesh node size were 
selected for time saving purposes. 
2. GAIA treating object as sediment 
Another limitation arose because the object was 
submerged and placed on the bed. When running the 
simulation, GAIA treated the object as erodible sediment, 
causing the complete erosion of the object within the first 90 
seconds of the simulation (Figure 4). 
 
Figure 4: Model prior to and after 90s of flow applied to the computation 
domain. 
To resolve this problem, the object was treated as a raised 
bed feature with the shape of the object (cylinder) by 
modifying the user_bed_init.f subroutine in the GAIA source 
code to include: 
! Only apply sediment in areas 
        WreckLevel = -0.074 
        DO IPOIN=1,NPOIN 
! Set the sediment to be thick enough to reach the bottom 
of the flume         
          if (zf%R(ipoin).ge.WreckLevel.and. 
     &        x(ipoin).gt.1.9.and.x(ipoin).lt.2.0) then 
            ESTRATUM(1,IPOIN) = 0.D0 
          else 
            ESTRATUM(1,IPOIN) = 
SED_THICK(1)+(zf%R(ipoin)+0.08) 
          endif 
! set the availability of each class 
            RATIO_INIT(1,1,IPOIN) = 1.0 








This modification applied sediment only at areas deeper 
than -7.4 cm from the transducers (the sedimentary bed level). 
3. Ultrasonic transducers not identifying exact object 
shape 
Another limitation was caused by the limited resolution of 
the 3D bed scans during the laboratory experiments. The 
ultrasonic transducers could not identify the object used in the 
experiments as a cylinder, due to horizontal accuracy 
limitations (Figure 5). 
 
Figure 5: Initial laboratory scan of the object using SeaTek 5MHz ultrasonic 
transducers prior to flow. 
The irregular shape of the object caused instabilities (due to 
turbulent flows) to the downstream flow, causing changes to 
the magnitude in the vertical (Figure 6). 
 
Figure 6: Magnitude of the flow after 30 minutes of simulation taken at the 
first horizontal plane above the bed (j=2) 
The instabilities in the simulated flow caused errors in 
estimations of bed shear stress, generating deeper scour marks 
in the model than the scour marks observed in the laboratory 
experiments (Figure 7; Table 1). In general, the overall 
modelled scour length was comparable with the length of the 
experimental data, but the experimental data showed a 
shallower mean depth value of the scour mark and shorter 
depositional feature than the modelled data. Also, the scour 
mark in the simulations was offset northwards compared to the 
experimental data. The depositional feature in the model was 
longer than the formed in the experimental data and had a 
higher mean thickness value. This was expected due to the 
larger volume of eroded sediment.  
 
 
TABLE 1: NUMERICAL COMPARISON OF EXPERIMENTAL AND MODELLED 







‘North’ side of scour 
length (m) 
0.32 0.30 6.7 
‘South’ side of scour 
length (m) 
0.21 0.21 0 
Depositional feature 
length (m) 
0.49 0.31 58.1 
Scour mark mean depth 
(m) 
-0.08 -0.09 -12.1 
Depositional feature mean 
thickness (m) 
-0.07 -0.07 0 
 
In Figures 7d and 8d, negative values (red) represent areas 
where the simulated bathymetry was deeper than the 
laboratory experiments, where positive values (blue) represent 
areas where the simulated depth is shallower than the 
experimental depth. 
To resolve the instabilities in the model caused by the 
irregular shape of the object, an artificial half-cylinder 
simulated the object (Figure 8).  
The aforementioned instabilities in the simulation caused 
the maximum number of iterations to be exceeded. To reduce 
the instabilities and prevent shocks, the FREE SURFACE 
GRADIENT COMPATIBILITY keyword value was kept below 
1. This made it possible to delete spurious oscillations of the 
free surface and alter the consistency of the water depth and 
the velocities in the continuity equation slightly, thus increased 
the numerical stability of the simulation. 
Good correlations are noted for lengths and average 
elevations of depositional feature and scour mark between the 
modelled and experimental data, especially at the ‘North’ side 
of the scour mark (Figure 8; Table 2). The scour mark present 
upstream in the laboratory experiments and not in the model, 
is probably caused because of the shape of the object. In the 
model, the flow is diverted over the object and turbulence is 
not created upstream in order to form the scour mark. Similar 
observations were made by Hatipoglu and Avci (2002). 
TABLE 2: NUMERICAL COMPARISON OF EXPERIMENTAL AND MODELLED 
SCOUR MARK CHARACTERISTICS FOR THE TEST CASE OF THE OBJECT IN THE 







‘North’ side of scour 
length (m) 
0.31 0.30 3.3 
‘South’ side of scour 
length (m) 
0.12 0.21 -57.1 
Depositional feature 
length (m) 
0.32 0.31 3.2 
Scour mark mean depth 
(m) 
-0.09 -0.09 0 
Depositional feature mean 
thickness (m) 
-0.08 -0.07 14.3 





Figure 7: Profile showing the shape of the object as captured by the 3D 
SeaTek bed scan transducers (7a) Experimental bed scan (7b) compared 
with Modelled bathymetry (7c) and Difference map of the modelled and the 
experimental bathymetry (7d). 
 
Figure 8: a) 2D representation of the half-cylinder in the computation 
domain (profile created from the horizontal line in the middle of the object) 
and representation of the geometry (mesh) of the computation domain 
around the object 8b) Experimental bed scan 8c) Modelled bathymetry and 
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Although the object in the simulation was treated as half-
cylinder raised above the bed, the actual shape of the object 
above the bed is shown in Figure 9 where only the lower ~20% 
of the cylinder was actually buried. 
 
Figure 9: Picture of the cylinder in the laboratory experiments at the end of 
the test (9a) and schematic illustration of how the cylinder was placed on 
the bed at the start of the experiment (9b). 
III. RECOMMENDATIONS FOR FUTURE RESEARCH 
Significant steps were made towards simulating the flow 
and bed dynamics around objects using coupled 
TELEMAC3D – GAIA. Preliminary results show real 
potential for the coupled model being an effective method to 
simulate experimental data and help understand the physical 
processes behind the laboratory observations. Further research 
is needed to accurately calculate the bed shear stress from the 
modelled flow speed and incorporate that into 
morphodynamic simulations. 
The curvature of the cylinder is probably the parameter 
causing the largest discrepancies between the experimental 
and modelled data. The cylinder needs to also be treated as 
solid below the bed at the start of the simulation. Hatipoglu 
and Avci (2002), modelled the flow around submerged 
cylinder using a Computational Fluid Dynamics (CFD) 
model. Their observations compare well with the observations 
presented in the present study. We therefore need to address 
the curvature of the object above the bed and the solidity of 
the object below the bed in future simulations. The results 
from this study and from Hatipoglu and Avci (2002), suggest 
that covering the sides of offshore cables and pipelines would 
cause less scour, something that is worth investigating. 
The ultimate aim of this ongoing research is to accurately 
simulate the flow and bed dynamics around submerged 
objects on mixed coarse beds. In mixed sand and gravel beds, 
the shear stress needed to mobilise the gravel fraction can be 
up to 64% less compared to the shear stress needed to mobilize 
the gravel in a well-sorted gravel bed (McCarron et al., 2019). 
To investigate bed dynamics around a submerged object on 
mixed coarse beds (sand and gravel), similar laboratory 
experiments were conducted with the cylinder embedded on 
different sand and gravel mixtures, with the gravel percentage 
varying between 0% and 20% in steps of 5%. Laboratory 
experiments were also conducted at 7.5% gravel and 12.5% 
gravel. Two unidirectional flow speeds were applied to the 
bed, experimentally tested to mobilize either just the sand 
(flow speed of 0.26 m·s-1) or both the sand and the gravel 
fractions (flow speed of 0.40 m·s-1). There is therefore 
availability of experimental data and there is also the potential 
of using TELEMAC3D – GAIA to achieve the accurate 
simulation of flow and bed dynamics around submerged 
objects placed on mixed coarse beds. 
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